as it is an important integrator of many signals that of our study, we also examined cells lacking p53, the osteosarcoma-derived cell line SAOS2, and the colon regulate gene activity.
To analyze the relevance of specific core promoter cancer-derived cell line HCT116 p53 Ϫ/Ϫ ( Figure 1C ). As shown in Figure 1D , these cells do not accumulate p21 architectures in regulating p53 target genes, we examined the assembly of the transcriptional machinery on and Fas/APO1 mRNA after UVC and doxorubicin treatment, indicating that p53 is required for efficient activavarious genes after induction by dissimilar types of cellular stress. Here we report that distinct stress-and protion of these genes. moter-specific activation mechanisms exist among these genes as shown by differences in the composition and Protein Interactions on the p21 Promoter kinetics of assembly of the basal transcription machinin Response to DNA Damage ery. Regulatory events that generate this diversity occur Having established conditions for p53 activation, we before and during DNA damage at the levels of proteinbegan our mechanistic studies by examining a simple promoter recruitment and nuclear organization. We demparadigm: how do protein interactions on the p21 proonstrate that basal levels of p53 are required to establish moter change after DNA damage by UVC irradiation? a gradient of paused RNA pol II occupancy among its p53 binds with different affinities to two distal binding target promoters. We also show that key components sites in the p21 promoter and mediates nucleosome of the transcription apparatus, TAFII250, TFIIB, and RNA acetylation by recruitment of histone acetyltransferases pol II, function in a coordinated and selective fashion (Espinosa and Emerson, 2001 ). However, subsequent to regulate the p53 response. Thus, the specialized funcsteps of the activation process remain unknown. To gain tions of initiation complexes that are uniquely asseminsight into these steps, we performed ChIPs on U2OS bled on structurally diverse promoters are a critical feacells using antibodies to a variety of proteins. We tested ture of p53-dependent gene regulation.
for enrichment of five different regions around the p21 locus: the p53 binding sites at Ϫ2.4 kb (5Ј site) and Ϫ1.3 kb (3Ј site), the TATA box-and initiator-containing proxiResults mal promoter (PP), and two control regions located at Ϫ5 and ϩ5 kb (exon 1) from the transcription start site. The Induction of the p53 Transcriptional Response after Distinct Types of DNA Damage relative enrichment of each site was determined by PCR and the results plotted over an up-to-scale map of the To understand the mechanism by which p53 regulates transcriptional programs in response to DNA damage, p21 locus ( Figure 2 ). As expected, total levels of p53 bound to the 5Ј and we examined the dynamics of transcription factor occupancy on a battery of p53 target promoters during the 3Ј sites increased after DNA damage (Figure 2A ). Interestingly, a significant amount of p53 was detected at activation process. To achieve this, we performed chromatin immunoprecipitations (ChIPs) on a wild-type p53 both binding sites before DNA damage, suggesting that at least some p53 is able to bind its cognate sites before cell line (U2OS) with a well-characterized p53-dependent response. A typical p53 response after UVC and stress-induced posttranslational modification (Espinosa and Emerson, 2001; Kaeser and Iggo, 2002). When perdoxorubicin treatment is shown in Figure 1A . Careful analyses of p53 protein activation kinetics allowed us forming ChIPs with antibodies against p53 phosphorylated at serine 15 (S15P-p53, Figure 2B ), we observed to distinguish two distinct phases. An early stage, the "modification phase," was marked by a clear increase a higher-fold increase in the signal, due to the fact that very low signal above background was detected before in the posttranslational modification status of basal levels of p53, without an increase in the total amount of stress, suggesting that either prebound p53 was modified in situ or replaced by modified p53. Significant levels protein. At 4 hr, the "accumulation phase" began as total levels of p53 started to increase, probably due to of histone H4 acetylation were detected at the p53 binding sites before UVC treatment (Ac-H4, Figure 2C ), indimodification-mediated stabilization mechanisms (Prives, 1998). Both UVC and doxorubicin treatments produced cating that p53 can participate in HAT recruitment prior to DNA damage. H4 acetylation increased after activavery similar kinetics and amounts of total and modified p53. p53 activation results in apoptosis after eition, and it peaked at the p53 binding sites, but it did not correlate exactly with p53 occupancy. As previously ther treatment.
Next we confirmed the induction of two genes, p21 observed in an in vitro system, modestly higher levels of acetylation occurred at the 3Ј site, whereas p53 occuand Fas/APO1, by RT-PCR ( Figure 1B) . After UVC irradiation, p21 mRNA accumulated rapidly and steadily with pancy was clearly higher at the 5Ј site (Espinosa and Emerson, 2001). When performing a similar experiment a peak of induction at 6 hr. Induction of the proapoptotic gene Fas/APO1 proceeded with slower kinetics, beginusing isogenic cell lines HCT116 wt p53 and HCT116 p53
, it became evident that both basal and induced ning at about 4 hr and reaching a peak of accumulation at 12 hr. After doxorubicin treatment, p21 mRNA showed levels of Ac-H4 require p53 action (inset, Figure 2C ). Before induction, the core promoter showed the lowest bimodal kinetics of induction with a rapid and brief first wave of accumulation that peaked at 2-4 hr, followed levels of Ac-H4 of all five regions tested, suggesting that this region is under negative control by an HDAC activity by a transient decrease and a second wave of accumulation at 8 hr. Meanwhile, Fas/APO1 mRNA accumulated (Richon et al., 2000). Thus, the core promoter showed the most dramatic change in Ac-H4 after damage, insteadily but to a lower extent than observed with UVC. In summary, these two p53 target genes were activated creasing by 4-to 5-fold at the TATA box region but only 2-fold at the distal p53 binding sites (see also Figure 3C ). after both types of stress, showing gene-and stressspecific kinetics of transcriptional induction. In the course Next we focused on the composition of the transcrip- tional initiation complex before and after cellular stress. damage. TBP is already associated with the core promoter and its levels remain constant after UVC irradiaSurprisingly, we detected significant amounts of several components of the basal transcription machinery bound tion ( Figure 2D ). However, another subunit of the TFIID complex, TAFII250, shows a dramatic, damage-induced before DNA damage, and dynamic changes in protein recruitment and occupancy of other components after increase in promoter binding ( Figure 2E ). Another initia- . Indicated amounts of total input DNA were also subjected to PCR (Input lanes). PCR products were quantified by densitometry; percentage of immunoprecipitated DNA was calculated by comparison to input signals and plotted over an up-to-scale representation of the p21 locus. Quantification represents the average of three independent experiments. All eight immunoprecipitations were performed using the same two extracts. All five PCR reactions were performed using the same DNA samples as template. For inset in (C), Ac-H4 immunoprecipitations were done using extracts from HCT116 cells treated under identical conditions. PP, proximal promoter.
tion factor, TFIIB, is also present at the core promoter sociation during activation. Interestingly, total amounts of p53 at the 5Ј site increased quickly and steadily during before stress and its levels unexpectedly decrease after activation ( Figure 2F ). Similar behavior was observed the first 6 hr poststress ( Figure 3A ), indicating that levels of promoter-bound p53 increase even before accumulafor the major subunit of RNA pol II and the elongation factor TFIIH ( Figures 2G and 2H ). These observations tion of total cellular p53 ( Figure 1A ). This suggests that although some of the basal pool of total p53 is able to generated a number of interesting questions: why are initiation factors present before DNA damage and what recognize the p21 promoter binding sites, more p53 is activated upon stress. As expected, levels of S15P-p53 is the temporal order of complex assembly after stressinduced activation? Which other critical components in also increased steadily and were more highly induced than total p53 ( Figure 3B ). In a similar fashion, both addition to TAFII250 are recruited to the p21 promoter in response to DNA damage? Why do RNA pol II and Ac-H4 and TAFII250 showed a rapid increase, reaching TFIIB levels decrease so dramatically shortly after inmaximum levels between 4 and 6 hr ( Figure 3C and 3D). duction?
TBP showed a very modest but reproducible transient increase which peaked at 4 hr ( Figure 3E ). By contrast, TFIIB levels drastically decreased by 4 hr ( Figure 3F ).
Dynamics of Transcriptional Initiation Complex
In an almost perfect mirror image of p53, Ac-H4, and Assembly and Activity TAFII250 binding kinetics, RNA pol II levels dropped Next, we performed detailed kinetics of protein interacsignificantly at early time points at the proximal protions within the p21 promoter after UVC irradiation to follow the temporal order of factor association and dismoter. After a small increase at 1 hr, total RNA pol II signal decreased in almost identical fashion to total RNA pol II, whereas S2P signals increased significantly, peakThese results indicate that a preassembled initiation complex containing a paused RNA pol II is present at ing at 2 hr postinduction and sustaining higher than basal levels throughout the time course. When normalizthe p21 promoter before DNA damage-induced activation and that it begins a transcription cycle when levels ing the S2P signal over that of S5P, we found that the proportion of elongating polymerase at the proximal of bound S15P-p53, acetylated histones, and TAFII250 increase. The drop in total RNA pol II levels can be promoter showed maximum levels at around 4 hr ( Figure  3I , graph, dotted line). As expected, RNA pol II bound explained if the elongation rate after induction is greater than the reinitiation rate. Accordingly, levels of TFIIB within the exon 1 region after activation contains high levels of S2P and low levels of S5P. showed a sharp decrease that correlated with the decline in total RNA pol II. During transcription, RNA pol Phosphorylation of Ser5 and Ser2 seems to be mediated by the elongation factors TFIIH and pTEFb, respec-II undergoes a series of posttranslational modifications at its C-terminal domain (CTD) which denote distinct tively (Komarnitsky et al., 2000; Cho et al., 2001). When using antibodies against the p89/XPB subunit of the phases of the transcriptional cycle. First, unphosphorylated RNA pol II binds the promoter region. Second, TFIIH complex, we observed that TFIIH is already present at the p21 core promoter before stress and its levels upon phosphorylation of Ser5 at the C-terminal repeats, pol II enters a "promoter escape" phase that involves a decrease alongside total and S5P-CTD RNA pol II (Figure 3J) . On the other hand, the CDK9 subunit of the poised, although not fully active form, of the enzyme. Third, after dephosphorylation of Ser5 and phosporylapTEFb complex is absent before induction, and a transient recruitment is observed after UVC, with binding tion of Ser2, the enzyme is converted into a fully productive, elongation-engaged form (Komarnitsky et al., 2000) .
kinetics that correlate well with the increase in elongating RNA pol II ( Figure 3K ). Intrigued by the unexpected kinetics of RNA pol II binding at the p21 promoter after DNA damage, we ana-
In summary, we demonstrate that the p21 gene is activated in a rapid and transient manner after UVC lyzed its phosphorylation status during activation. Using antibodies against phosphorylated CTD at Ser5 and irradiation. Most changes in protein binding or enzy-matic modification within the p21 promoter occur within examine p21 gene activation. A ChIPs analysis of the p21 the first 4-6 hr poststress and correlate precisely with promoter was performed in doxorubicin-treated U2OS the rapid kinetics of mRNA accumulation which peak at cells which revealed many common features and a few 6 hr ( Figure 1B) . Importantly, early p21 gene activation striking differences between the two types of stress does not require high total levels of p53 since p53 accu-( Figure 5A ). First, levels of p53, S15P-p53, and Ac-H4 mulation occurs long after induction of p21 mRNA synincreased to similar extents by 8 hr as observed with thesis. Rapid transcriptional activation is likely facili-UVC; however, no increase of TAFII250 was detected. tated by the presence of a preassembled initiation Second, although total RNA pol II levels dropped significomplex and a paused RNA pol II. After stress, convercantly after doxorubicin induction and were accompasion of RNA pol II into a fully elongating form is achieved nied by a conversion from S5P-CTD to S2P-CTD, no and correlates with stress-dependent recruitment of decrease in TFIIB levels was seen. In fact, levels of TFIIB CDK9 and TAFII250.
almost double by 8 hr in stark contrast to the significant decline after UVC treatment ( Figure 2H ).
Colocalization of Early Phospho-p53 Nuclear
To avoid misinterpretation of these results due to posFoci with the p21 Locus Ensures sible limitations of a two-time point experiment, we perImmediate Gene Activation formed a more extensive time course ( Figure 5B ). ImmeTo analyze the precise timing of p21 mRNA and protein diately after induction by doxorubicin, S15P-p53 levels synthesis relative to the p53 response, we developed rose sharply to reach an early plateau at 2 hr, followed an RNA-ImmunoFISH protocol to simultaneously obby a short decay and a second increase beginning at 6 serve the appearance of p21 mRNA and either p21 prohr which resembled the kinetics of p21 mRNA accumulatein or phosphorylated p53. We performed detailed kition ( Figure 1B) . Levels of Ac-H4 also increased to a netics of induction using human normal fibroblasts similar extent as with UVC irradiation, yet no increase (NHF) that show a conserved pattern of p21 activation.
in the low initial amounts of TAFII250 was observed p21 mRNA and protein were detected simultaneously throughout the entire 12 hr. On the other hand, TFIIB at different times after UVC irradiation. As shown in levels increased steadily from very early time points and Figure 4A , a strong, discrete nuclear signal was obreached a maximum at around 6 hr. Interestingly, total served 1-2 hr after irradiation. This focus of nuclear p21 RNA pol II levels declined more modestly than observed mRNA accumulation, marking the site of p21 transcripafter UVC irradiation and, more importantly, a clear wave tion, was very short lived and barely detectable after 2 of "reloading" began at 6 hr which correlated with a hr postdamage. Afterwards, a clear perinuclear signal second wave of mRNA accumulation ( Figure 1B) . TFIIH was detected, denoting nuclear export of p21 mRNA binding kinetics were similar to those of RNA pol II at (4 hr). As the p21 mRNA signal spread throughout the the exon 1 region and showed a more modest decrease cytoplasm, the signal from the anti-p21 antibody marked than seen after UVC. the beginning of p21 protein synthesis. Approximately These results clearly show that the p21 gene can be 6-8 hr postdamage, p21 protein began to accumulate activated by distinct mechanisms under different types in the nucleus, its site of action, where it continued of stress. A steady increase in TFIIB levels and reloading to concentrate. Simultaneously, the p21 mRNA signal of RNA pol II suggest that a reinitiation mechanism is decayed steadily. Thus, a short wave of damage-induced utilized during doxorubicin treatment but not after UVC. p21 transcription generates a sufficient amount of p21 Importantly, p21 activation can occur with or without an mRNA to be exported and translated to load the nucleus increase in TAFII250. with p21 protein.
To determine the role of p53 in stress-specific recruitIn a second experiment, RNA-FISH for p21 mRNA ment of TAFII250 and TFIIB, we repeated these experiwas repeated, but this time combined with antibodies ments in p53 null cells. As shown in Figure 5C , UVCagainst S15P-p53 ( Figure 4B ). One to two hours after specific TAFII250 recruitment is dependent upon p53 irradiation, numerous nuclear foci of S15P-p53 accumuaction since little or no increase was seen in HCT116 Ϫ/Ϫ lation were observed. S15P-p53 speckles steadily inor SAOS2 cells which lack p53. On the other hand, oscilcreased until an almost homogeneous signal throughout lations in TFIIB levels after stress were independent of the nucleus was apparent (6 hr). Interestingly, when p53 status, yet total levels of this initiation factor, both S15P-p53 and p21 mRNA signals were merged, phosbefore and after stress, decreased notably in the abpho-p53 clearly colocalized with the center of p21 mRNA sence of p53. Importantly, oscillations in promoterproduction ( Figure 4C ). This colocalization was obvious bound initiation factors do not correlate with changes only during early time points. As soon as the nuclear in overall levels of these proteins ( Figure 5D ). compartment began to accumulate high concentrations of S15P-p53, p21 transcription greatly diminished and Differences in RNA Polymerase II Affinities the p21 mRNA signal translocated to the cytoplasm (Fig- and Nuclear Colocalization of p53 Target ure 4B, 6 hr). These results confirm the early damageGenes before DNA Damage induced kinetics of p21 activation as shown previously We next examined p53 target genes in a more compre-( Figure 1B ) and suggest that p21 is an immediate target hensive manner, and the presence of initiation factors for phospho-p53.
within the core promoters of a battery of p53 target genes was explored. The most striking difference in terms Stress-Specific Mechanisms of p21 Promoter of protein occupancy among these promoters was the Activation Are Revealed by Changes within dissimilar levels of the preinitiation complex (PIC) before the Transcriptional Initiation Complex DNA damage. In Figure 6A , genes have been ordered UVC and doxorubicin generate different types of DNA damage and represent distinct paradigms in which to by decreasing amounts of RNA pol II before stress. Inter- (Figure 7 ). RNA pol II was examined, genes belonging to the growth arrest/DNA repair group could be easily discriminated It is apparent that some promoters, such as p21, are "preloaded" with paused RNA pol II, whereas others are from the proapoptotic genes with p21 containing over not. This is likely to reflect the existence of regulatory tion of the proapoptotic Fas/APO1 gene in unstressed NHF cells and observed no colocalization with S5P-CTD, mechanisms acting prior to DNA damage to establish such variations. To investigate the role of p53 on PIC recruitconsistent with the small amount of RNA pol II bound to this promoter as revealed by our ChIPs data ( Figure 6G ). ment, we employed p53 null cells. As shown in Figure 6C , undamaged cells lacking p53 contain significantly lower These results indicate that at the onset of the DNA damage response, distinct p53 target genes exist in amounts of paused RNA pol II and various initiation factors at the p21 promoter. These results indicate that basal levels different stages of the activation process. Therefore, the mechanism of transcriptional activation described for of p53 are critical for PIC assembly before DNA damage.
Different populations of RNA pol II can be readily disthe p21 gene may not apply to promoters that do not contain high concentrations of bound RNA pol II to begin tinguished by immunofluorescence using antibodies against its phospho-isoforms. Discrete signals of S5P-with. This prompted us to ask several questions: how are "unloaded" promoters activated after stress? When CTD and S2P-CTD are clearly visible as they occupy distinct territories of the nucleus (Szentirmay and Sawado they recruit RNA pol II during activation? Do they share a poor reinitiation ability with p21? Do they show dogo, 2000). These observations prompted us to investigate the nuclear position of the p21 locus within unstress-specific differences? We addressed these issues by examining the Fas/APO1 gene. stressed NHF relative to that of S5P-CTD bodies. Using a p21 promoter fragment as a probe in DNA-ImmunoFISH experiments, we detected both p21 alleles in nuclear Distinct Transcriptional Mechanisms but Conserved Stress-Specificity Are Utilized by the Proapoptotic bodies containing S5P-RNA pol II ( Figure 6D ). Confirming the specificity of this observation, the p21 locus did Gene Fas/APO1 as Compared to p21 Although the Fas/APO1 promoter contains much less not colocalize with PML bodies or splicing speckles (Figures 6E and 6F) . We also examined the nuclear posibound RNA pol II than that of p21 before damage, Fas/ Figure  1B) . In contrast to the p21 gene, Fas/APO1 harbors these promoters, RNA pol II is transcriptionally engaged before activation, but arrested shortly after initiation to a TATA-less promoter containing a DPE motif, three overlapping noncanonical Inr elements and a functional produce short transcripts. Upon stimuli, this attenuation is relieved and RNA pol II progresses further into the p53 binding site located at ϩ780. As shown in Figure  7 , S15P-p53 levels increase at the ϩ780 site after each coding region to produce a complete mRNA. Therefore, the main regulatory step at these promoters is at the type of stress (Figures 7A and 7B) Figure 1B) . In striking contrast to p21, Fas/APO1 transcription occurs without a net loss promoter which correlates with the presence of TFIIH, whereas the appearance of S2P-pol II in the downstream of initial levels of poised RNA polymerase, suggesting that elongation and reinitiation rates are roughly equivacoding region is accompanied by recruitment of CDK9 and Ser2-CTD phosphorylation. lent at this promoter during activation. Interestingly, the selective recruitment of TAFII250 after UVC treatment Strikingly, p53 is required for PIC assembly at the p21 promoter before DNA damage, indicating that p53 also is a feature conserved between p21 and Fas/Apo1, whereas the pronounced stress-specific changes in plays an important role during the initiation phase. Before stress, cells contain low levels of presumably inac-TFIIB levels during activation are particular to the p21 promoter.
tive p53 and no significant growth arrest or apoptosis is evident. p53 has been proposed to function as an on-off switch in which latent p53 becomes active after Discussion posttranslational modification and accumulation. Our results suggest a "threshold model" whereby p53 funcOur studies reveal that activation of p53-dependent genes involves differential and stress-specific regulation tions both before and after DNA damage ( Figure 7C ). In a stepwise process, p53 recognizes high-affinity chroof transcription initiation complexes. The unexpected plasticity in the composition, affinities, and binding kimatin binding sites and mediates PIC assembly at some promoters, but this action is not enough to achieve maxinetics of basal initiation factors on different p53 target promoters provides novel insight into the important role mum transcriptional activation due to RNA pol II arrest. After DNA damage, increased p53 activity leads to comof these complexes as integrators of diverse signals that control the transcriptional response to DNA damage. pletion of the transactivation process by stimulating elongation of arrested RNA pol II. Importantly, p53 action Rather than existing as uniform complexes on p53-responsive genes that simply receive activation signals from generates a gradient of RNA pol II occupancy among its target promoters which might establish different p53 and other cofactors, we find that initiation factors associate and dissociate at different rates before or thresholds for each particular gene. Not surprisingly, growth arrest genes like p21 and GADD45 show early during activation and that their total composition can be regulated by distinct types of stress. induction kinetics and require little increase in p53 levels to achieve activation, whereas most proapoptotic genes We show that significant differences in the abundance of poised RNA pol II exist at p53 target promoters before are expressed with intermediate or late kinetics (Zhao et al., 2000). Although pausing of RNA pol II has been activation. Proapoptotic genes show lower overall levels of bound RNA pol II than progrowth arrest genes, sugdocumented previously, our results suggest that it may be employed as a tool to achieve differential regulation gesting that a functional correlation may exist. Higher levels of paused machinery might predispose a proamong target genes of a common activator. The initiation factor TFIIB shows stress-and promotermoter, such as p21, for rapid activation. Similar preloading of paused machinery has been observed for other specific interactions in our experimental paradigms. It (C) Model of differential p53 target gene activation. The p21 locus contains two distal p53 binding sites, and the core promoter region harbors initiator and noncanonical TATA box elements to which a PIC is recruited through p53 action before DNA damage. Increase in modified p53 and histone acetylation occurs after both UVC and doxorubicin treatment. However, p53-dependent recruitment of TAFII250 is exclusive to UVC-induced activation. High levels of poised RNA pol II at the p21 promoter are rapidly converted into an elongating form during activation, as reflected by conversion of S5P-CTD to S2P-CTD and recruitment of pTEFb. Efficient elongation exceeds reinitiation and total levels of RNA pol II decrease drastically. Reinitiation is abrogated after UVC by loss of TFIIB, whereas a constant increase of TFIIB during doxorubicin treatment allows reloading of RNA pol II and a second wave of transcription. The Fas/APO1 locus contains low amounts of poised RNA pol II at the core promoter before DNA damage. After an increase in modified p53 and histone acetylation, the appearance of elongating RNA pol II does not correspond with a decline in poised polymerase at the promoter, suggesting that efficient reinitiation is taking place. TAFII250 recruitment also occurs only after UVC damage but, in contrast to p21, low initial levels of TFIIB remain constant during activation.
has inverse binding kinetics at the p21 promoter after should provide a more precise definition of its role in two different types of stress, and its levels fluctuate the choice of cellular response. dramatically at the p21 promoter while remaining con-
Experimental Procedures
stant and low at the Fas/APO1 promoter. TFIIB is able to bind DNA in a sequence-specific manner, and its
